Disulfide Bond Isomerization and the Assembly of MHC Class I-Peptide Complexes  by Dick, Tobias P et al.
Immunity, Vol. 16, 87–98, January, 2002, Copyright 2002 by Cell Press
Disulfide Bond Isomerization and the Assembly
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be subject to redox catalysis. One pair forms a disulfide
bond in the membrane-proximal 3 domain; the other
pair is part of the peptide binding groove, forming a
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thereby placing class I molecules close to the peptideNew Haven, Connecticut 06520
source (Ortmann et al., 1997). In cells that lack tapasin,
class I association with TAP is impaired and peptide
loading is defective (Sadasivan et al., 1996; Grandea etSummary
al., 2000). Since poorly loaded MHC class I molecules
are largely retained in the ER, class I surface expressionThe presence of a disulfide bond inside the peptide
is generally drastically reduced in tapasin-deficientbinding groove of MHC class I molecules and of the
cells. Some alleles, such as HLA-B27, achieve normalthiol oxidoreductase ERp57 in the class I loading com-
levels of surface expression in the absence of tapasinplex suggests that disulfide bond isomerization may
(Peh et al., 1998). These molecules are unstable andplay a role in peptide loading. Here we show that
undergo enhanced turnover at the cell surface. They areERp57 and tapasin are disulfide linked inside the load-
associated with a different peptide repertoire, probablying complex. Mutagenesis of cysteine 95 in tapasin
of lower average affinity, than those expressed in tap-not only abolishes formation of the ERp57-tapasin
asin-positive cells (Purcell et al., 2001). Tapasin maybond but also prevents complete oxidation of the class
ensure that class I molecules select high-affinity pep-I heavy chain in the loading complex. The resulting
tides before exiting the ER. The ability of tapasin toMHC class I-2m heterodimers are poorly loaded with
retain class I molecules in the ER may facilitate thishigh-affinity peptides in the ER but nevertheless es-
(Grandea et al., 2000; Schoenhals et al., 1999). A solublecape to the cell surface where they are unstable. These
form of tapasin that does not interact with TAP facilitatesfindings suggest a role for disulfide bond isomerization
peptide loading and restores class I surface expression,in tapasin-mediated peptide loading.
indicating that tapasin serves a crucial function even
while not associated with TAP (Lehner et al., 1998). HowIntroduction
exactly tapasin performs its putative peptide-editing
function remains unclear.MHC class I molecules capture cytosolic peptides in
Class I molecules are retained in the loading complexthe endoplasmic reticulum (ER) and bring them to the
until their 1 and 2 domains tightly fold around a suitablecell surface for screening by CD8-positive T cells (Pamer
peptide ligand. Accordingly, in order to mediate reten-and Cresswell, 1998). The selection and binding of pep-
tion or release, the chaperones of the loading complextides by class I molecules is facilitated by their associa-
must be sensitive to peptide-induced folding transitionstion with a multicomponent assembly of ER proteins
in the class I heavy chain. Since disulfide-bond forma-called the class I loading complex. The components
tion and rearrangement are integral to protein folding ininclude the two subunits of the transporter associated
the secretory pathway, we investigated the possibilitywith antigen processing (TAP), the chaperone calretic-
that peptide loading and release of MHC class I mole-ulin (CRT), the thiol-dependent oxidoreductase ERp57
cules are regulated by the making and breaking of the(Hughes and Cresswell, 1998; Lindquist et al., 1998; Mor-
disulfide bond in the class I binding groove. Previousrice and Powis, 1998), and the MHC class I-specific
evidence indicates that class I heavy chain oxidation ischaperone tapasin (Ortmann et al., 1997; Sadasivan et
complete prior to 2m association and entry into theal., 1996). Although the composition of this complex
loading complex (Smith et al., 1995; Tector et al., 1997)has been well characterized, surprisingly little is known
but leaves open the possibility that the 2 disulfide bondabout its mode of action.
isomerizes within the loading complex. We provide evi-ERp57 is a member of the protein disulfide isomerase
dence that this is so and that the process requires spe-(PDI) family and contains two distinct thioredoxin (TR)
cific cysteine residues in both ERp57 and tapasin.motifs. It mediates disulfide bond rearrangements in
nascent monoglucosylated glycoproteins to which it is
Resultsrecruited by either calreticulin (CRT) or calnexin (CNX)
(Helenius and Aebi, 2001; Oliver et al., 1999). The specific
Tapasin and ERp57 Are Disulfide Linked Inside thefunction of ERp57 within the class I loading complex,
Class I Loading Complexhowever, has remained elusive. If the class I heavy chain
Our initial hypothesis was that ERp57 might be involvedis the substrate for ERp57, two pairs of cysteines could
in isomerization of the disulfide bond in the 2 domain
of the class I heavy chain (Cresswell et al., 1999). This1 Correspondence: peter.cresswell@yale.edu
predicts the transient existence of mixed disulfide inter-2 These authors contributed equally to this work.
mediates between ERp57 and the class I heavy chain3 Present address: Department of Immunology, Roswell Park Cancer
Institute, Elm and Carlton Streets, Buffalo, New York 14263. inside the loading complex. In an effort to detect such
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Figure 1. Tapasin and ERp57 Are Specifically Disulfide Linked inside the Class I Loading Complex
(A) An ERp57-tapasin conjugate in NEM-pretreated, IFN-induced, 35S-methionine-labeled HeLaM cells. The TAP1 immunoprecipitate
(R.RING4C) includes a 110 kDa species that disappears upon reduction with dithiothreitol (DTT) (left panel). The other bands are TAP1/TAP2
(70 kDa), ERp57/CRT (60 kDa), tapasin (48 kDa), and class I heavy chain (43 kDa). Reprecipitation (right panel) with antibodies against
ERp57 (M.57), tapasin (R.SinA), and heavy chain (3B10.7) identifies tapasin and ERp57 as components of the 110 kDa band. The band
corresponding to monomeric ERp57 is weak due to inefficient labeling.
(B) Demonstration of the ERp57-tapasin conjugate by immunoprecipitation and Western blotting in NEM-pretreated 45.1 cells. Tapasin
(PaSta-1) or ERp57 (M.57) immunoprecipitates were eluted in the presence or absence of DTT and probed for ERp57 (R.ERp57, left panel) or
tapasin (R.SinA, right panel). The disulfide-linked species is composed of ERp57 and tapasin.
(C) Disulfide-bonded intermediates involving class I heavy chain are not detectable after NEM pretreatment of 45.1 cells.
(D) The ERp57-tapasin conjugate can be detected in tapasin-transfected .220 cells but is absent in nontransfected .220 cells.
(E) Steady-state levels of the ERp57-tapasin conjugate are not affected by restriction of peptide import (45.1-ICP) or the absence of TAP
molecules (.174). In contrast, conjugate levels are strongly reduced in 2m-negative cell lines, as shown for Daudi and FO-1.
(F) The ERp57-tapasin conjugate in 45.1 cells can be coprecipitated with antibodies against 2m (R.2m), CRT (R.CRT), and TAP (R.RING4C),
but not CNX (R.CNX).
(G) A substantial fraction of the steady-state TAP-associated tapasin pool is conjugated to ERp57 (left panel), and all ERp57 associated with
TAP is conjugated to tapasin (right panel).
(H) Pretreatment of 45.1 cells with NEM prior to lysis is required to preserve the tapasin-ERp57 conjugate. Without NEM pretreatment (lane
1), ERp57 appears to be noncovalently associated with tapasin.
intermediates, we pretreated 35S-methionine-labeled nonreducing conditions (Figure 1A, right panel). ERp57
and tapasin immunoprecipitates from extracts of 45.1HeLaM cells or unlabeled 45.1 B-lymphoblastoid cells
with the membrane-permeable, irreversible, sulfhydryl- cells were similarly separated by SDS-PAGE but ana-
lyzed by Western blotting (Figure 1B). To our surprise,reactive agent, N-ethyl maleimide (NEM), before solubili-
zation in the detergent digitonin. NEM protects native we found that tapasin and ERp57 are exclusively disul-
fide linked to each other in both HeLaM and 45.1 cells,disulfide bonds during cell lysis (Molinari and Helenius,
1999), and digitonin preserves the integrity of the loading resulting in a band with an apparent Mr of almost 110
kDa. The data indicate that all the ERp57 in the loadingcomplex (Ortmann et al., 1994; Sadasivan et al., 1996).
Immunoprecipitated TAP complexes from the HeLaM complex is linked to tapasin via an intermolecular disul-
fide bond. No disulfide linkage between the class I heavyextracts (Figure 1A, left panel) were disrupted with SDS
as previously described (Hughes and Cresswell, 1998) chain and ERp57 was observed (Figures 1A and 1C). No
other mixed disulfides containing ERp57 were readilybut in the absence of a reducing agent. Released tap-
asin, ERp57, and class I heavy chains were reprecipi- detectable (Figure 1B, lane 3), implying that the ERp57-
tapasin conjugate is more stable or abundant than othertated and analyzed by SDS-PAGE under reducing and
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ERp57-substrate conjugates. The conjugate was not ob- Analysis of additional ERp57 mutants after NEM pre-
treatment confirmed the participation of Cys-57 in theserved in the tapasin-deficient cell line .220 but was
ERp57-tapasin conjugate (Figure 2B, upper panel). Elim-restored in its tapasin-transfected counterpart (Figure
ination of all TR motif cysteines except Cys-57 still al-1D). Formation of the conjugate is not affected by ex-
lowed some conjugate formation (lane 4), and mutationpression of the TAP inhibitor ICP47 (Hughes et al., 1997),
of Cys-57 abolished it (compare lanes 3 and 6). However,and the conjugate can form in a TAP-independent man-
TR2 is important for the efficiency of conjugation. Thener, as shown for the TAP-deficient cell line .174 (Figure
combined mutant C60A/C409A showed reduced trap-1E). This agrees with previous evidence that a subcom-
ping of tapasin relative to C60A (Figures 2A, lane 4, andplex containing tapasin, ERp57, CRT, and class I mole-
2B, lane 6), and mutation of both cysteine residues incules can assemble in the absence of TAP (Hughes and
TR2 seriously impacted conjugate formation (compareCresswell, 1998), although TAP, when present, com-
Figure 2B, lanes 2 and 7, 4 and 6, and 7 and 8). Thispletely sequesters the tapasin pool (Diedrich et al.,
indicates cooperativity between the two TR domains.2001). In contrast, conjugate formation is severely com-
The ability of a given ERp57 mutant to covalently bindpromised in 2m-deficient cells, as shown for Daudi and
tapasin appears to determine its integration into thethe human melanoma cell line FO-1 (Figure 1E, lanes
loading complex. Coprecipitations of the ERp57 mu-5–8). Expression of 2m in either cell restores formation
tants with 2m (Figure 2B, lower panel) or CRT (data notof the conjugate.
shown) show the same relative amounts of associatedThe tapasin-ERp57 conjugate can be coprecipitated
conjugate as with tapasin (upper panel), but unconju-with antibodies to 2m, CRT, and TAP1, indicating that
gated ERp57 is not detectable.it is a bona fide member of the MHC class I loading
complex (Figure 1F). Surprisingly, nonconjugated ERp57
Cysteine-95 of Tapasin Is Required for Disulfidedid not appear to be associated with the loading com-
Bonding to ERp57plex at all (Figures 1A and 1G). This suggests that the
Two luminal cysteines in tapasin (295 and 362) are partconjugate represents the same population of ERp57 and
of the membrane-proximal immunoglobulin-like domaintapasin molecules previously characterized as part of
and thus expected to be disulfide linked to each otherthe loading complex (Hughes and Cresswell, 1998). We
(Herberg et al., 1998). The remaining cysteine residuesconfirmed that pretreatment of live cells with NEM is
in the N-terminal region (residues 7, 71, and 95) werein fact essential for preservation of the disulfide bond
independently changed to alanine and the mutants ex-(Figure 1H). When the sulfhydryl reactive reagent iodo-
pressed in the tapasin-deficient cell line .220, as well asacetamide was added during solubilization without NEM
in .220 transfected with HLA-B8 or B44. We found thatpretreatment, ERp57 remained noncovalently associ-
mutation of Cys-95, which does not affect TAP associa-ated with the loading complex (Hughes and Cresswell,
tion (data not shown), abolished tapasin conjugation to1998). Thus, the disulfide bond is extremely labile.
ERp57 (shown for .220 in Figure 2C). We were also un-
able to detect noncovalent ERp57 in association withCysteine-57 of ERp57 Forms the Disulfide
the C95A mutant (Figure 2D, left panel), indicating that
Bond with Tapasin
disulfide bond formation is a prerequisite for the integra-
There are seven cysteine residues in ERp57, four of
tion of ERp57 into the loading complex. In contrast, the
which comprise the two functional TR motifs, TR1 and interaction with CRT, like that with TAP, does not seem
TR2 (Figure 2A, inset). To identify the tapasin binding to be significantly affected (Figure 2D, right panel).
cysteine, we made use of a functional principle charac- Conjugation was reduced but not eliminated for both
teristic of the TR motif (CXXC). If the N-terminal cysteine the C7A and C71A mutants. In their unconjugated state,
of the motif is engaged in a mixed disulfide intermediate the two mutants exhibited lower electrophoretic mobility
that is slow to resolve, the C-terminal cysteine enables relative to wild-type and C95A molecules, indicating that
release of the trapped substrate by the “escape path- a disulfide bond between Cys-7 and Cys-71 is disrupted
way” (Walker and Gilbert, 1997). Its inactivation by muta- by mutagenesis of either cysteine residue (Figure 2C).
tion of the C-terminal cysteine induces accumulation of When precipitated with the R.SinA antiserum (raised
mixed disulfide intermediates in vitro and in vivo (Kishi- against baculovirus-expressed tapasin) the overall lev-
gami et al., 1995; Walker et al., 1996). A series of ERp57 els of C7A and C71A appear to be considerably reduced
cysteine mutants were equipped with a FLAG tag at the relative to wild-type and C95A (Figure 2C). This results
C terminus and stably expressed in the C1R.A2 B cell from relatively poor recognition of these mutants by the
line. Cells were extracted in digitonin without NEM and antiserum. Using an antiserum specific for the cyto-
the conjugate looked for by immunoprecipitation and plasmic tail, comparable expression (within 2-fold) was
immunoblotting as described above. We found that mu- observed (data not shown), consistent with the 2-fold
tation to alanine of the C-terminal cysteine of TR1 difference in stability (see also Figure 3A).
(C60A), but not of the C-terminal cysteine of TR2
(C409A), led to trapping of the ERp57-tapasin conjugate Effects of Cysteine Mutations on Tapasin Stability
(Figure 2A). This shows that ERp57 conjugates to tap- and Class I Association
asin by the N-terminal cysteine of TR1. The stability of We examined the stability of the tapasin mutants and
the C60A-tapasin conjugate was not enhanced by NEM their interaction with class I molecules by pulse-chase
pretreatment (data not shown), implying that NEM pre- experiments. .220.B44 cells expressing wild-type tap-
serves the disulfide bond between wild-type ERp57 and asin or the mutants were labeled for 30 min with 35S-
tapasin by reacting with Cys-60, inactivating the escape methionine, chased for various periods of time at 37C,
and extracted with digitonin. Immunoprecipitation withpathway.
Immunity
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Figure 2. Site-Directed Mutagenesis Identifies Cysteines Required for the Formation of the ERp57-Tapasin Conjugate
(A) Tapasin is specifically trapped without NEM pretreatment by the C60A mutant of ERp57.
(B) Cysteine 57 of ERp57 is required for conjugation to tapasin. Deletion of Cys-57 prevents conjugation (compare lanes 3 and 6), and deletion
of all other TR cysteines still allows conjugation to occur (lane 4). None of the mutants interact noncovalently with the loading complex (2m
precipitate, lower panel).
(C) Cysteine 95 of tapasin is required for conjugation to ERp57 while the C7A and C71A mutants still can form the conjugate. The mobility
shift of C7A and C71A indicates an internal disulfide bond that is disrupted by mutagenesis. The additional band observed in the case of the
C71A mutant is of unknown identity.
(D) CRT (right panel) but not ERp57 (left panel) is noncovalently associated with the C95A mutant of tapasin. .220.B44 cells expressing wild-
type or C95A tapasin were extracted in digitonin and subjected to immunoprecipitation and SDS-PAGE, and blots were probed with the
antibodies as indicated.
an anti-tapasin antibody followed by SDS-PAGE re- (Figure 3B). However, these levels were still well above
that observed in the absence of tapasin. Similar resultsvealed that comparable levels of HLA-B44 were associ-
ated with the wild-type and mutant tapasin molecules were obtained for HLA-B8 in .220.B8 cells (data not
shown). The effects of the tapasin-cysteine mutationsat time zero (Figure 3A, upper panel; compare lower
band in lane 0 for each cell line). However, the kinetics on the transport kinetics and stability of the class I mole-
cules were examined by pulse-chase/immunoprecipita-of dissociation of HLA-B44 from C7A and C71A were
more rapid than for wild-type and C95A (t1/2 4–5 hr versus tion/SDS-PAGE analysis, incorporating treatment with
endoglycosidase H (endo H) to quantitate transport12–15 hr; Figure 3A, middle panel). This may reflect the
shorter half-lives of C7A and C71A (t1/2 8 hr versus 15–20 through the Golgi apparatus. In .220.B44 cells express-
ing C7A, C71A, or C95A, 20%–40% fewer class I mole-hr; Figure 3A, lower panel). Interestingly, the C95A mu-
tant is as stable as wild-type tapasin, and class I dissoci- cules attained endo H resistance than in those express-
ing wild-type tapasin (Figure 3C). In addition, class Iates from it at a similar rate, indicating that there are no
gross structural defects in the C95A mutant. A similar molecules in cells expressing the mutants turned over
more rapidly. Thus, all three tapasin cysteine mutantspattern emerged when the mutants were expressed in
.220.B8 cells (data not shown). partially restored class I surface expression, but class
I molecules were much less stable when assembled
under the influence of the mutants.The Tapasin Mutants Restore Class I Surface
Expression but Lead to Enhanced Turnover
of Class I Molecules The Tapasin Mutants Promote Reduced MHC Class I
Assembly and Stability Relative to Wild-Type TapasinSurface expression of HLA-B44 was reduced by 20%–
40% in .220.B44 cells expressing any of the cysteine Since the relative thermal instability of HLA-B27 mole-
cules synthesized in .220 cells has been correlated withmutants compared to cells expressing wild-type tapasin
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Figure 3. Effects of Tapasin-Cysteine Mutations on Tapasin and MHC Class I Expression
(A) Mutation of tapasin Cys-95 does not alter tapasin stability or interaction with class I molecules. .220.B44 cells expressing wild-type
(WT) or mutant (C7A, C71A, or C95A) tapasin were pulse-labeled and chased for the times indicated prior to digitonin extraction. Tapasin
immunoprecipitates (R.gp48C) were analyzed by SDS-PAGE (upper panel) and subjected to image analysis. Tapasin (upper band) and HLA-
B44 heavy chain (lower band) were quantitated and plotted as a fraction of the maximum signal obtained (tapasin-associated heavy chain:
middle panel; tapasin: lower panel).
(B) Tapasin cysteine mutants restore cell surface expression of HLA-B44. .220.B44 cells expressing wild-type or mutant tapasin were assayed
for MHC class I surface levels using the 2m-dependent antibody w6/32. .220.B44, dotted line; .220.B44.WT, thin line; .220.B44.C7A, thick
line; .220.B44.C71A, dotted line; and .220.B44.C95A, dashed line. Control antibody staining of 220.B44.WT is shown as the shaded histogram.
(C) Class I molecules assembled under the influence of the tapasin mutants display enhanced turnover. Upper panel, w6/32 immunoprecipitates
from 35S-methionine-labeled cells subjected to endo H digestion prior to SDS-PAGE. Lower panel, the fraction of the maximum w6/
32-precipitable heavy chains at each time point.
an altered repertoire of associated peptides (Purcell et expressing the tapasin mutants contain 2- to 3-fold less
heavy chain associated with 2m without heating (Figureal., 2001), we examined the stability of class I-2m dimers
synthesized in .220.B44 cells expressing either wild- 4, lower panel). This suggests that class I-2m assembly
is suboptimal in the presence of the tapasin mutants.type tapasin or the various mutants. To do this, we
quantitated the B44 heavy chain coprecipitating with The experiments shown were performed using cells la-
beled continuously for 45 min. Experiments using cells2m after exposure to a range of temperatures. HLA-
B44 molecules from cells expressing any of the mutants chased for a further 5 hr (data not shown) gave similar
results, indicating that both newly synthesized and ma-were less thermostable than those from cells expressing
wild-type tapasin (Tm 45C versus 52C, Figure 4, upper ture class I molecules exhibit the same defect. This
argues that class I molecules assembled in the presencepanel). The Tm of 2m (60C) was higher than that of the
complex, indicating that the inherent thermostability of of the tapasin mutants, presumably associated with
peptides of suboptimal affinity, nevertheless escape to2m did not confound the results (data not shown).
In addition to exhibiting reduced thermostability, cells the cell surface.
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As an additional approach, we examined the class
I-2m dimers associated with TAP. Incubation of digito-
nin-solubilized class I loading complexes with the non-
ionic detergent Triton X-100 releases a subcomplex of
tapasin-associated class I-2m dimers, CRT, and ERp57
from TAP (Hughes and Cresswell, 1998; Sadasivan et
al., 1996). Less appreciated is that such treatment also
releases some nontapasin-associated class I-2m di-
mers reactive with the mAb w6/32 (Sadasivan et al.,
1996). This population, although not well characterized,
may represent class I molecules which have bound pep-
tides but have not yet dissociated from the loading com-
plex. We measured the amount of releasable TAP-asso-
ciated class I-2m dimers in .220.B44 cells expressing
the various forms of tapasin. 35S-methionine-labeled
cells were extracted in digitonin, anti-TAP immunopre-
cipitates were prepared, and the class I-2m dimers
released by Triton X-100 were reprecipitated and ana-
lyzed by SDS-PAGE. We observed much greater Triton
X-100-mediated release of heavy chain-2m dimers from
TAP complexes containing wild-type tapasin (Figure 5B,
left panel). These data were further substantiated in a
pulse-chase experiment (Figure 5B, right panel). A 2- to
4-fold reduction in the peak level of releasable, TAP-
associated, class I-2m heterodimers was observed in
the cells expressing the tapasin mutants.
The N-Terminal Cysteines of Tapasin Are Required
for Full Oxidation of the MHC Heavy Chain
within the Class I Loading ComplexFigure 4. HLA-B44 Heterodimers from .220.B44 Cells Expressing
On the basis of the above experiments, we returned toTapasin-Cysteine Mutants Are Inefficiently Assembled and Unstable
our original hypothesis that disulfide bond isomerizationThermostability of HLA-B44 was examined after a 45 min, 35S-methi-
onine label and digitonin extraction. Precleared postnuclear super- might play a role in peptide loading. If such a mechanism
natants were heated at the indicated temperatures for 60 min (identi- exists, the tapasin-cysteine mutants could affect the
cal results were obtained after 30 min of lysate heating). Anti-2m redox state of the class I heavy chain in the loading
immunoprecipitates were analyzed by SDS-PAGE, and the class I complex. The various tapasin-expressing .220.B44 cellsheavy chain band was quantitated. Lower panel, the unadjusted
were labeled with 35S-methionine, extracted in digitonin,specific signal without heating. Upper panel, the signal obtained at
and class I and tapasin molecules were eluted from TAPeach temperature as a fraction of the unheated sample.
immunoprecipitates by Triton X-100. Direct SDS-PAGE
under reducing and nonreducing conditions revealed
that class I molecules from the TAP complexes con-The Tapasin Mutants Lead to Reduced Peptide
taining wild-type tapasin are fully oxidized while mostLoading and Fewer Stable TAP-Associated
of the class I heavy chains from those containing theClass I-2m Dimers
mutants are partially reduced (Figure 5C). The electro-To directly determine the effects of the cysteine muta-
phoretic mobility under nonreducing conditions is inter-tions on the ability of tapasin to promote class I-peptide
mediate (indicated by the asterisk) between the fullybinding, we permeabilized .220.B44 cells expressing the
oxidized (white arrow) and fully reduced states (blackvarious tapasin species with Streptolysin O (SLO). We
arrow). The complete reduction observed on the rightthen used immunoprecipitation to measure the binding
of the C95A lane is a result of diffusion of the reducingof a radioiodinated peptide (SEIPRVYKF) to HLA-B44
agent, 2-mercaptoethanol, from the neighboring lanemolecules following its translocation into the ER via TAP.
and definitively demonstrates partial rather than full re-To normalize for variations in permeabilization efficiency
duction. We therefore chose to let this imperfectionwe simultaneously assayed the translocation of a radio-
stand. We conclude that formation or maintenance ofiodinated glycosylation substrate peptide (RRYQNS
one of the two disulfide bonds in the class I heavy chainTEL), as previously described (Androlewicz and Cress-
is facilitated by the N-terminal cysteine residues inwell, 1994; Neefjes et al., 1993). Peptide binding to HLA-
tapasin.B44, although much higher than in tapasin-negative
.220.B44 cells, was significantly impaired in .220.B44
cells expressing the cysteine mutants relative to cells Discussion
expressing wild-type tapasin (Figure 5A). The C7A and
C71A mutants are less stable than wild-type tapasin Assembly of the MHC class I loading complex in human
cells proceeds via intermediates involving CNX and(Figure 3A), which could account for their functional
impairment, but C95A, which is perfectly stable, was ERp57 (Diedrich et al., 2001). Once assembled, the load-
ing complex consists of the TAP1/TAP2 dimeric trans-equally ineffective.
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Figure 5. HLA-B44 Peptide Binding Is Defective in the Presence of the Tapasin Mutants
(A) The radiolabeled B44 binding peptide SEIPRVYKE was translocated into the ER of SLO-permeabilized cells for 5 min, and the resulting
HLA-B44-125I-peptide complexes were precipitated from digitonin extracts with a 2m-specific antibody.
(B) Reduced TAP-associated stable class I-2m heterodimers in tapasin mutant cells. Class I-2m dimers released by Triton X-100 plus 5 mM
NEM from anti-TAP1 (148.3) immunoprecipitates of digitonin extracts of 35S-methionine-labeled (30 min) .220.B44 cells expressing wild-type
or mutant tapasin were precipitated by w6/32 and subjected to nonreducing SDS-PAGE. Left panel, the gel at time zero after a 45 min pulse.
Right panel, quantitation throughout the chase period.
(C) Full oxidation of TAP-associated HLA-B44 molecules requires the N-terminal cysteines of tapasin. Triton X-100/NEM eluates from anti-
TAP1 immunoprecipitates were either added directly to nonreducing SDS sample buffer (left side of gel) or precipitated using concanavalin
A Sepharose and eluted under reducing conditions (right side of gel). Fully oxidized (white arrow) and fully reduced (black arrow) class I heavy
chains are indicated, while the intermediate redox state is marked with an asterisk.
porter with an associated subcomplex consisting of and ERp57 in the complex implies that they assist the
folding process. Based on the presence of ERp57 in thetapasin, CRT, ERp57, and a class I-2m heterodimer
(Hughes and Cresswell, 1998; Ortmann et al., 1997). The loading complex, we hypothesized that disulfide isomer-
ization might play a role in class I-peptide loading. How-subcomplex is held together by a number of cooperative
interactions. There is probably a lectin-like interaction ever, all our efforts to detect a mixed disulfide intermedi-
ate involving ERp57 and class I heavy chain have failed.between CRT and the N-linked glycan of the class I
heavy chain (Sadasivan et al., 1996). In collaboration One group recently reported the detection of a species
they considered to be an ERp57-heavy chain conjugatewith Pauline Rudd and Raymond Dwek, we have found
that class I heavy chain in the loading complex displays (Lindquist et al., 2001). However, they did not demon-
strate that this species actually contained heavy chaina monoglucosylated N-linked glycan (C. Radcliffe and
P.C., unpublished data), the preferred substrate for CRT rather than being noncovalently associated with it. There
has also been a report of an ERp57-class I heavy chain(Spiro et al., 1996). There is also a defined noncovalent
interaction between CRT and ERp57 (Oliver et al., 1999) conjugate in a microsomal in vitro translation system
(Farmery et al., 2000). This may represent a folding inter-and a putative noncovalent interaction between tapasin
and the class I molecule defined by an HLA-A2 mutant mediate involving free class I heavy chains, rather than
the class I-2m dimers we are considering here.with a substitution at residue 134 (Peace-Brewer et al.,
1996). The novel interaction revealed here is an in- To our surprise, all the ERp57 molecules associated
with complete loading complexes, defined by their coim-terchain disulfide bond between tapasin and ERp57. Our
current view of the interactions defining the subcomplex munoprecipitation with 2m and CRT (Figure 1F), turned
out to be disulfide linked to tapasin. However, the disul-is shown in Figure 6A.
Peptide loading of class I molecules is a special case fide bond is extremely labile. It is stabilized by NEM
treatment of cells prior to extraction or by a “trapping”of quality control in the ER. One can envision the class I
molecule in the loading complex as being in a prolonged mutation involving the TR1 motif of ERp57, which identi-
fies Cys-57 as the conjugating residue. Although expres-state of incomplete folding, and the presence of CRT
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Figure 6. Schematic Representations of the Subcomplex Released from TAP by Nonionic Detergents
(A) The subcomplex with wild-type tapasin.
(B–D) The subcomplexes with the tapasin mutants C7A, C71A, and C95A. Note that the oxidation states shown for the cys406-cys409 disulfide
bond in ERp57 and cys7-cys71 disulfide bond in tapasin in (A) are hypothetical.
sion of trapping mutants allows the detection of mixed the corresponding tapasin molecules as revealed by
pulse-chase analysis (Figure 3). On the other hand, mu-disulfide intermediates involving numerous undefined
proteins (Dick and Cresswell, 2001), the ERp57 conju- tation of Cys-95 prevents conjugation with ERp57 com-
pletely, implicating this residue in disulfide bonding withgate with tapasin is the only one readily detectable in
cells treated with NEM, perhaps because of the abun- Cys-57 of ERp57. In contrast to the other mutants, C95A
is as stable as wild-type tapasin (Figure 3A, lower panel)dance of loading complexes in the ER. A functional TR2
is essential for efficient trapping of tapasin by TR1 (Fig- and associates with TAP, CRT, and class I molecules
to the same extent. This is in agreement with the notionures 2A and 2B) and in fact is necessary for efficiently
trapping any substrates as mixed disulfide intermedi- that Cys-95 is an unpaired cysteine and therefore un-
likely to serve a structural role.ates (data not shown). The mechanism underlying this
apparent cooperativity is unknown. Tapasin promotes class I peptide-loading in two ways:
the N-terminal part directly supports peptide loading byExtraction of cells in the absence of sulfhydryl reactive
reagents results in reduction of the disulfide bond be- interaction with the class I molecule and the C-terminal
part indirectly supports peptide availability by stabilizingtween tapasin and ERp57 but does not induce the re-
lease of ERp57 (Figure 1H). Thus, the bond is not essen- TAP (Bangia et al., 1999). Consistent with the N-terminal
location of the cysteine residues, we found that all threetial to maintaining the structural integrity of the complex.
It may, however, be required for its assembly. Evidence mutants stabilize TAP in a manner identical to wild-type
tapasin (data not shown). Therefore, differences in TAPfor this is that ERp57-cysteine mutants incapable of
forming the disulfide bond with tapasin do not de- stability are unlikely to confound our comparison of wild-
type and mutant tapasin.tectably associate with the loading complex (Figure 2B).
Unfortunately, ERp57-negative cells are currently un- All three tapasin mutants restored class I surface ex-
pression quite well (Figure 3B). At first sight this mightavailable, precluding evaluation of the effects of the
ERp57 mutations on class I assembly. imply that the N-terminal cysteine residues (and, by ex-
tension, conjugation with ERp57) are not required forWe examined by mutational analysis three cysteine
residues of tapasin potentially involved in interactions tapasin function. However, we found substantial differ-
ences between HLA-B44 molecules assembled underwith ERp57. We found that mutation of either Cys-7 or
Cys-71 diminishes conjugation with ERp57, but does the supervision of wild-type tapasin versus the mutants.
In the presence of the tapasin mutants, class I moleculesnot eliminate it (Figure 2C). Changes in electrophoretic
mobility indicate that the two cysteines form an intramo- were less efficiently assembled with 2m, had dimin-
ished thermostability, and were more rapidly turned overlecular disulfide bond with each other (Figure 2C). Either
mutation leads to a moderate decrease in stability of at the cell surface. These findings are compatible with
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the idea that tapasin prevents the release from the ER isomerization of the class I 2 disulfide bond rather than
of class I molecules equipped with ill-fitting peptides. It representing folding intermediates of tapasin itself. First,
may even actively promote exchange for higher affinity the conjugation appears to be initiated or maintained
peptides, a process that has been termed “peptide edit- by the involvement of heavy chain-2m dimers with the
ing.” The reduced thermal and surface stability of class loading complex. Conjugate levels in cells lacking 2m
I molecules expressed in tapasin-deficient cells corre- are vastly reduced (Figure 1E), a finding that correlates
lates with a peptide repertoire of lower affinity (Garbi et with the very low levels of TAP-associated class I heavy
al., 2000; Grandea et al., 2000; Purcell et al., 2001). If chains observed in the absence of 2m (Bangia et al.,
the cysteine mutations inactivate the putative editing 1999; Solheim et al., 1997). The dependence of conjuga-
mechanism, they would be expected to skew the pep- tion on the presence of class I molecules is difficult to
tide repertoire toward ligands of lower affinity, resulting explain if the function of the conjugate is not specifically
in less stable class I molecules. The premature release related to the process of class I folding. Although 2m
of class I molecules from the ER in the absence of editing deficiency impairs conjugate formation, it does not com-
might explain why the levels we see on the cell surface promise tapasin stability (Li et al., 1997), which also
are only reduced by 20%–40% in the presence of the argues that the conjugate is not an intermediate in tap-
tapasin mutants, despite the higher class I turnover asin folding.
rates. Second, we have found that class I heavy chain in the
An impaired editing mechanism predicts that high- loading complex, but not tapasin, displays a monogluco-
affinity ligands might be less efficiently loaded onto MHC sylated N-linked glycan (C. Radcliffe and P.C., unpub-
molecules against the prevailing background of low- lished data). This implies that the tapasin-conjugated
affinity peptides. Consistent with this, there was a sub- ERp57 molecules are actually recruited by calreticulin
stantial defect in peptide loading in the cells expressing associated with class I molecules. If the conjugate repre-
the tapasin mutants (Figure 5A). Additional evidence sented a folding intermediate of tapasin, one might ex-
came from analysis of the number of stable HLA-B44 pect tapasin to display a monoglucosylated glycan,
dimers released from the TAP complex by Triton X-100. which it does not. Third, the interaction of class I with
These may represent class I molecules which have not tapasin and ERp57 appears to depend on the presence
yet dissociated from TAP in vivo but are associated with of the two cysteine residues in the 2 domain (C101,
high-affinity peptides, based on the known stability of C164) (our unpublished data and Harris et al., 2001).
peptide-loaded class I molecules (Townsend et al., This suggests that the 2 domain disulfide bond (or the
1990). Significantly fewer stable B44-2m dimers are potential to form this disulfide bond) is a requirement
associated with loading complexes containing the tap- for establishing the ERp57-tapasin conjugate. Finally,
asin mutants than those containing wild-type tapasin we have shown that the total lack (C95A) or strong re-
(Figure 5B). duction (C7A, C71A) of ERp57-tapasin conjugation cor-
Tapasin function requires its N-terminal cysteine resi- relates with the accumulation of partially reduced class
dues, including one (Cys-95) which binds directly to Cys- I heavy chain in the loading complex (Figure 5C). If class
57 of ERp57. This led us to wonder whether tapasin, I heavy chain oxidation is complete prior to 2m associa-
together with ERp57, promotes peptide exchange by tion and entry into the loading complex (Smith et al.,
helping isomerize the disulfide bond in the class I 2 1995; Tector et al., 1997), this argues strongly that the
domain (C101-C164). This disulfide bond is absolutely 2 disulfide bond isomerizes within the loading complex.
conserved in all known class I molecules. The absence In sum, our data indicate that tapasin influences the
of a peptide in the binding groove could expose this class I peptide repertoire by facilitating disulfide isomer-
disulfide bond to a reducing agent, e.g., glutathione, in ization of the class I heavy chain. How it does this is a
the ER, and tapasin, perhaps in concert with ERp57, matter of conjecture. One possibility is that the TR2
might facilitate its reoxidation. As described above, we of ERp57 catalyzes the isomerization reaction with HC
have been unable to demonstrate an ERp57-class I
while the TR1 domain links it to tapasin. Alternatively,
heavy chain mixed disulfide. Nevertheless, we did show
tapasin itself could perform this function, perhaps using
that HLA-B44 heavy chains in loading complexes con-
cysteines 7 and 71. Mutation of either Cys-7 or Cys-71taining any of the tapasin mutants are partially reduced,
causes the same effect as that of Cys-95, namely thewhereas those associated with wild-type tapasin are
accumulation of partially reduced class I heavy chainfully oxidized (Figure 5C). It seems very likely that the
inside the loading complex. This raises the possibilityreduced heavy chain- disulfide bond is the one in the
that Cys-7 and Cys-71, rather than just forming a struc-2 domain. The disulfide bond in the Ig-like 3 domain
tural bond, are actively involved in a process of func-forms very early and independently of peptide, and once
tional disulfide bond isomerization. In this scenario,formed it seems unlikely to be readily accessible for
ERp57 could regenerate the disulfide bond in tapasinsubsequent reduction. The 1/2 domain folds in a pep-
to maintain the overall oxidation state indicated in Figuretide-dependent manner in vitro, which implies exposure
6A. Additional experiments will be required to answerof the cysteines prior to the completion of folding. More-
these questions.over, a partially oxidized form of Ld has been shown to
exhibit a folded (oxidized) 3 domain and an unfolded
Experimental Procedures(reduced)12 domain (Smith et al., 1995). Figures 6A–6D
summarize the composition and redox state of the load-
Cell Lines and Antibodies
ing complex assembled with either wild-type tapasin or Cell lines used were the following: HeLaM (Tiwari et al., 1987), 45.1
the three mutants based on this interpretation. (DeMars et al., 1984), 45.ICP (ICP47-transfected 45.1 cells) (Hughes
For a variety of reasons, we consider it likely that et al., 1997), .174 (DeMars et al., 1984), .220 (Greenwood et al.,
1994), .220.B8 (Greenwood et al., 1994), .220.B44 (Peh et al., 1998),the ERp57-tapasin conjugate is directly involved in the
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C1R.A2 (Moots et al., 1991), Daudi and Daudi.2m (provided by W. overnight at 37C followed by the removal and addition of fresh
growth medium containing puromycin (750 ng/ml). Lines were sub-Storkus and R. Salter), FO-1 (D’Urso et al., 1991), and FO-1.2m
(Maio et al., 1991). All cell lines were maintained in Iscove’s modified cloned by limiting dilution.
Dulbecco’s medium (IMDM, Gibco), supplemented with 10% bovine
calf serum (Hyclone).
Flow CytometryAntibodies used were the following: R.2m (rabbit anti-human 2m,
In brief, 5  105 cells were incubated with saturating levels of w6/Roche Molecular Biologicals), R.RING4C (rabbit anti-TAP1) (Ort-
32 on ice for 1 hr followed by washing and incubation with goatmann et al., 1994), R.SinA (rabbit anti-tapasin) (Diedrich et al., 2001),
anti-mouse FITC conjugate (1:150 dilution, Chemicon, Temecula,R.gp48C (rabbit anti-tapasin) (Bangia et al., 1999), R.gp48C-Bio (bio-
CA) for 30 min. The anti-proteasome antibody MCP21 was used astinylated R.gp48C, prepared using standard protocols), MaP.ERp57
a control. Cells were analyzed using a FACScan (Becton Dickinson,(mouse anti-ERp57 mAb, abbreviated M.57 in the figures) (Diedrich
Bedford, MA) with CellQuest software.et al., 2001), R.ERp57 (rabbit anti-ERp57) (Diedrich et al., 2001), w6/
32 (mouse anti-human class I mAb) (Parham et al., 1979), 7G7/B6
(anti-IL2R mAb) (Rubin et al., 1985), 3B10.7 (rat anti-class I heavy Radiolabeling, Pulse-Chase Experiments,
chain mAb) (Lutz and Cresswell, 1987), PaSta-1 (mouse mAb raised and Redox State of Class I
against baculovirus-expressed tapasin) (in preparation), MCP21 HeLaM cells were treated with interferon- prior to 35S-methionine
(mouse anti-proteasome mAb) (Kaltoft et al., 1992), R.CNX (rabbit labeling and extracted as described (Hughes and Cresswell, 1998).
anti-calnexin) (Hammond and Helenius, 1994), 148.3 (mouse anti- For pulse-chase, cells were starved in a methionine, cysteine-free
TAP1 mAb) (Meyer et al., 1994), M2 (mouse anti-FLAG mAb, Sigma), medium and labeled with 35S-methionine for 30 min. Excess unla-
R.CRT (rabbit anti-calreticulin, Stressgen SPA-600), and NRS (nor- beled methionine and cysteine were added in complete medium.
mal rabbit serum). Aliquots were removed at intervals and pellets were frozen at20C.
Cells were lysed in TBS containing 1% digitonin, 0.5 mM PMSF,
Immunoprecipitations and Immunoblotting and either 0.5 mM IAA (tapasin pulse-chase, Figure 4A) or 5 mM
Cells were pretreated as indicated with freshly prepared 20 mM NEM. Postnuclear lysates were either directly subjected to 148.3
NEM in phosphate-buffered saline (PBS) for 5–10 min on ice and (TAP1) immunoprecipitation or precleared prior to R.gp48C or
extracted at 1  106 /ml in 1% digitonin in TBS (10 mM Tris and R.RING4C immunoprecipitation. To examine tapasin stability and
150 mM NaCl [pH 7.4]), supplemented with 0.5 mM phenyl-methyl- kinetics of class I interaction, immunoprecipitates were analyzed
sulfonyl-fluoride (PMSF) and 0.1 mM tosyl-lysine-chloromethyl- directly by reducing SDS-PAGE. TAP (148.3) immunoprecipitates
ketone (TLCK). Postnuclear supernatants were precleared with Pro- were washed three times in 0.1% digitonin-containing buffer fol-
tein G beads (Protein G Sepharose 4 Fast Flow, Amersham) and lowed by elution in TBS containing 1% Triton X-100 and 5 mM NEM
either nonspecific mouse monoclonal antibody or normal rabbit se- for 15 min on ice with occasional mixing. To examine their redox
rum for 1 hr at 4C. The lysate was then immunoprecipitated with state, eluted class I molecules were either directly mixed with nonre-
the appropriate antibody and Protein G beads (2 hr at 4C). Beads ducing sample buffer or subjected to further precipitation using
were washed three times with 0.1% digitonin in TBS and eluates concanavalin A beads and eluted in reducing sample buffer. For
separated by SDS-PAGE, transferred to polyvinylidene fluoride experiments as in Figure 4B, Triton X-100 eluates from 148.3 immu-
(PVDF) membrane (Immobilon-P, Millipore), and probed with primary noprecipitations were subjected to w6/32 precipitation and nonre-
antibody. The blot was developed using appropriate secondary anti- ducing SDS-PAGE. For overall class I transport from ER to Golgi,
body (Goat-anti-Mouse-Ig, Goat-anti-Rabbit-Ig, or Goat-anti-Rat- supernatants remaining after TAP immunoprecipitation were cleared
Ig), conjugated to horseradish peroxidase (HRP), and preabsorbed of excess antibody by a further round of protein G Sepharose and
against mouse or rabbit serum antibodies (depending on the primary then used for w6/32 immunoprecipitation. After washing, samples
antibody) (Jackson Immunoresearch) and Peroxide-Luminol solu- were eluted, treated with endoglycosidase H (4 milliunits) as de-
tion (Supersignal West Pico, Pierce) as the HRP substrate. scribed (Salter and Cresswell, 1986), and run under reducing condi-
tions on SDS-PAGE. All quantitation was performed using a BioRad
GS520 phosphorimager and Molecular Analyst software.Generation of ERp57 Mutants
A FLAG-tagged ERp57 cDNA construct was generated by PCR and
inserted into the pCR2.1-TOPO vector (Invitrogen). The FLAG tag
Thermostability Assays(DYKDDDDK) was placed in front of the C-terminal ER retention
After 35S-methionine labeling for 45 min, cells were lysed in TBSsignal (QEDL). The construct was then subjected to site-directed
containing 1% digitonin, 0.5 mM PMSF, and 5 mM NEM. Lysatesmutagenesis using the Quickchange PCR protocol (Stratagene), and
were precleared with anti-TAP1 antibody (148.3) to remove class Ithe sequences were confirmed after mutagenesis. Mutant and wild-
molecules associated with TAP. Supernatants were heated at differ-type constructs were cloned into the mammalian expression vector
ent temperatures for either 30 or 60 min and allowed to cool on icepcDNA3.1() (Invitrogen; modified by a neomycin to puromycin re-
for 15 min before pelleting precipitated material and further clearingsistance gene exchange), transfected into C1R.A2 cells using elec-
with protein G Sepharose to remove nonspecifically binding dena-troporation (Biorad Gene-Pulser, 230 mV, 960 F, 0.4 cm electrode
tured proteins. The remaining supernatant was subjected to anti-gap cuvettes), and selected in puromycin (750 ng/ml). Whole cell
2m immunoprecipitation, analyzed by SDS-PAGE, and quantitatedextracts were screened for expression of the transfected gene by
using a BioRad GS-520 phosphorimager. Both experiments, withWestern blot using the anti-FLAG mAb M2. Positive cultures with
either 30 or 60 min of lysate heating, yielded identical results, andhigh expression levels were cloned by limiting dilution.
only the 60 min experiment is shown in the paper.
Generation of Tapasin Mutants
Tapasin mutants were also created using the Quickchange protocol Peptide Translocation Assay
A variant (SEIPRVYKF) of a peptide eluted from HLA-B44 (DiBrino(Stratagene). The resulting constructs were cloned into the vector
pCR2.1 (Invitrogen). Wild-type and mutant constructs were sub- et al., 1995), and the B27#3* peptide (RRYQNSTEL) (Androlewicz
and Cresswell, 1994) were labeled with 125I using the chloramine Tcloned into the retroviral vector pBMNZpuro, a modified pBMNZneo
vector (a gift from A. Bothwell, Yale University, New Haven, CT) in method. Cells were preincubated with unlabeled peptide for 15 min
at 4C to block cell surface HLA-B44 molecules. SLO-permeabiliza-which the neomycin resistance gene was replaced by the puromycin
resistance gene (T.P.D., unpublished data). Retroviral vectors were tion and peptide translocation were carried out as previously de-
scribed (Androlewicz et al., 1993). The reaction was stopped aftertransfected into the packaging cell line PA317 using Superfect (Qia-
gen). Following selection of puromycin resistant packaging lines, 5 min at 37C. Glycosylated peptide was isolated from digitonin
extracts with concanavalin A Sepharose beads. Class I-associatedvirus-containing supernatants were harvested every 24 hr and used
fresh for infection. Viral supernatant (4–5 ml) was added to 2  106 peptide was precipitated using anti-2m antiserum. Beads were
washed three times, and associated radioactivity was quantified.220.B44 or .220.B8 cells in six-well plates and centrifuged at 1000
g for 45 min. Cells were further incubated with viral supernatant with a -counter.
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